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Abstract 
Stimuli-responsive protein surfactants promise alternative foaming materials that can be 
made from renewable sources. However, the cost of protein surfactants is still higher than 
their chemical counterparts. In order to reduce the required amount of protein surfactant for 
foaming, we investigated the foaming and adsorption properties of the protein surfactant, 
DAMP4, with addition of low concentrations of the chemical surfactant sodium  
dodecylsulfate (SDS). The results show that the small addition of SDS can enhance foaming 
functions of DAMP4 at a lowered protein concentration. Dynamic surface tension 
measurements suggest that there is a synergy between DAMP4 and SDS which enhances 
adsorption kinetics of DAMP4 at the initial stage of adsorption (first 60 seconds), which in 
turn stabilizes protein foams. Further interfacial properties were revealed by X-ray 
reflectometry measurements, showing that there is a re-arrangement of adsorbed protein-
surfactant layer over a long period of 1 hour. Importantly, the foaming switchability of 
DAMP4 by metal ions is not affected by the presence of SDS, and foams can be switched off 
by the addition of zinc ions at permissive pH. This work provides fundamental knowledge to 
guide formulation using a mixture of protein and chemical surfactants towards a high 
performance of foaming at a low cost.  
 
Key words: protein DAMP4, foaming, dynamic surface tension, adsorption kinetics, X-ray 
reflectometry 
 
1. Introduction 
Foams play a significant role in both domestic and industrial sectors where the demand of 
controlling surfactant foams underpins a market of tens of billion dollars each year and is 
growing sharply [1]. However, this huge market is still based mostly on chemical surfactants, 
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which are mainly produced from unsustainable chemical processes using petroleum and 
animal or vegetable fats [2]. Alternative technologies, such as stimuli-responsive 
peptide/protein-based foaming materials which can be made from renewable sources are 
promising to provide a sustainable solution to reduce the need for chemical surfactants [3-5]. 
Another significant advantage of stimuli-responsive peptide/protein is that stabilization and 
destabilization of foams can be achieved by change of pH or metal ions [5-8]. Control of 
foam by this approach is reversible, and does not change the composition of the foaming 
systems significantly. In contrast, using conventional defoaming agents often causes changes 
in composition of the foaming system and thus permanent loss of foamability as well as 
contamination leading to waste treatment necessity  [9]. 
 
Despite their technical advantages in control of foam functions, there are significant 
challenges that prevent widespread applications of stimuli-responsive peptide/protein 
surfactants. One of these challenges is the high manufacturing cost when compared to 
conventional surfactants [10-12], although new bioprocessing approaches are simplifying 
process flowsheets promising significant cost reduction [13]. In order to decrease the required 
amount of peptide/proteins, peptide/protein-surfactant mixing systems have attracted 
significant research efforts [14-16]. Formulation of protein surfactants with a small peptide or 
chemical surfactant offers advantages including: 1) reducing the overall formulation cost, 2) 
lowering the environmental impact of chemical surfactants; and 3) introducing the functional 
benefits of the biosurfactant, such as foam switchability by pH or metal ions addition, to the 
formulation. Neutron reflectometry studies on protein-surfactant mixing systems indicated 
that the presence of surfactant may: 1) increase the final adsorbed amount of the peptides at 
the liquid-air interface [6], 2) also increase the final adsorbed amount of the chemical 
surfactant itself [17, 18], or 3) cause conformation changes of polypeptides [15].  
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Another significant challenge in application of protein/peptide-based biosurfactant is the slow 
adsorption kinetics of large protein surfactants [19]. Small chemical surfactant molecules 
adsorb to the interface, within seconds, to achieve desired surface coverage and thus provide 
stable foams [20-22]. In contrast, due to their relatively large hydrodynamic molecular size 
and required structural changes at the interface, the adsorption of protein/peptide-based 
biosurfactants to interfaces normally takes tens of minutes, even hours to reach the 
equilibrium coverage [23, 24]. In a study of a designed protein DAMP4 and its analogue 
DAMP1, Dwyer et al. showed the adsorption of the larger molecule protein DAMP4 is 
accompanied with structural changes at the surface, and the adsorption kinetics is much 
slower than that of its smaller analogues DAMP1 [24].  
 
To address these two challenges, this work studied how adsorption kinetics of designed 
protein surfactant DAMP4 is affected by addition of a small chemical surfactant sodium 
dodecylsulfate (SDS) in the absence and presence of zinc ions, and its correlation with 
stabilization and destabilization of foams. Such knowledge will be highly valuable to guide 
the design of next generation protein surfactant materials and their formulation for better 
control of foams for widespread applications. 
 
2. Experimental 
2.1 Materials 
 Sodium dodecylsulfate (≥98.5%,GC), ethylenediaminetetraacetic acid disodium salt 
(analytical), Kanamycin sulfate, and N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic sodium 
salt (HEPES, analytical) were purchased from Sigma-Aldrich (Sydney, Australia); Isopropyl-
β-D-1-thiogalactopyranoside (IPTG) was purchased from Astral Scientific Pty Ltd (Sydney, 
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Australia); Sodium chloride (analytical), sodium hydroxide (analytical), trifluroacetic acid 
(for HPLC, ≥99.0%), and imidazole (analytical) were purchased from VWR International Pty 
Ltd (Melbourne, Australia); Immobilized metal ion affinity chromatograph (IMAC) media Ni 
SepharoseTM High Performance, and RP-HPLC media SourceTM 15 RPC were purchased 
from GE Life Science, and anion exchange media UNOsphereTM Q was purchased from 
Bio-rad (Sydney, Australia). 
 
2.1 Protein expression and purification 
DAMP4, the protein surfactant with a molecular weight of 11116.5 Da, was expressed in E. 
coli BL21 (DE3) transformed with the pET-48b plasmid containing the DAMP4 gene [3]. 
The E.coli was cultivated in 25 g/L LB broth under 37°C and protein expression was induced 
with a final concentration of 1 mM IPTG at OD600 ~0.6 followed by another 4 hours 
cultivation. Then cell mass was collected by centrifugation (10000 g, 5 minutes) and 
resuspended in 0.5 M Na2SO4 solution to a final OD600 = 20. Cell lysis and DAMP4 
extraction was performed with a heat treatment method [13] using 90°C water bath for 20 
minutes. The heat treated sample was centrifuged at 10000 g for 5 minutes, and pellet was 
discarded. 
 
In order to obtain high purity of DAMP4, the supernatant solution after heat treatment were 
further purified by three steps of adapted chromatographic methods, similarly described in [3], 
including immobilized metal ion affinity chromatograph (IMAC), anion exchange 
chromatography, and reverse HPLC (RP-HPLC). Typically, 10 mL Ni SepharoseTM High 
Performance media or anion exchange media UNOsphereTM Q was packed in an Omnifit 
Benchmark Column (inner diameter I.D. = 10 mm, length L = 150 mm, two adaptors) from 
Diba Industries Ltd (Cambridge, UK). For packing 10 mL RP-HPLC media SourceTM 15 
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RPC, an Omnifit SolventPlus Column (inner diameter I.D. = 25 mm, length L = 100 mm, one 
fixed and one adjustable ends) was used. DAMP4 eluted from RP-HPLC was lyophilized and 
stored at -80 °C before use. For typical experiments, lyophilized DAMP4 was dissolved in 25 
mM sodium 4-(2-hydroxyethyl)-1- piperazine ethanesulphonate (HEPES) buffer which 
included 200 µM ethylenediamine tetraacetic acid (EDTA) and 10 mM sodium chloride 
(NaCl), pH 8.5. 
 
2.2 Foaming assay 
Foaming assay was performed with a custom-made foam preparation apparatus described 
elsewhere [5]. Air is pumped into 1 mL of sample solution through a porous glass frit at the 
base of the column using syringe pump (NE-1600 6-channel syringe pump SDR Scientific, 
Sydney, Australia) operating at 10 mL/min. Foaming stability of DAMP4 samples was 
observed over a time course of 10 minutes. 
 
2.3 Dynamic surface tension 
Pendent drop method (Dataphysics OCA20, Germany) was used to measure dynamic surface 
tension at 23°C. 10 µL of air was pushed through a U-shaped needle to form a bottom up 
bubble in 8 ml sample placed in a cubic quartz cuvette. The accuracy of method was 
confirmed by measuring the surface tension of MilliQ water (72.0 ± 0.2 mN/m at 23°C). The 
dynamic surface tension of samples of interest was collected at an average rate of two 
measurements per second over a period of 3600 seconds. 
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2.4 Compression-expansion test 
Compression-expansion test was performed using a Langmuir trough (100 cm2, NIMA Model 
301M), where surface pressure was measured with a Wilhelmy plate attached to a 
microbalance. Thirty millilitres of Milli-Q water was used to pre-zero the surface pressure 
prior to sample test. The position of the barrier was set to give a surface area of 40 cm2 before 
30 mL of sample (two samples were tested, including mixture of 5 µM DAMP4 and 18 µM 
SDS and mixture of 5 µM DAMP4 and 18 µM SDS with 800 µM Zn2+) was gently poured 
into the trough and allowed to equilibrate for 1 h. A compression-expansion cycle was then 
performed by linear movement of the barriers from the area of 40 cm2 to 0 cm2 and back to 
40 cm2 at its maximum speed (68.0 cm2/min).  
 
2.5 X-ray reflectometry 
The Panalytical X’Pert Pro reflectometer (Cu-Ka X-rays, λ=1.5 Å) at ANSTO (Sydney, 
Australia) was used to perform X-ray reflectometry measurements. The intensity of 
monochromatic X-rays reflected from the smooth air-liquid interface was measured as a 
function of momentum transfer,   ( = 

	 , where 	  is the incidence angle). Thirty 
millilitres of sample was poured on a Langmuir trough (100 cm2, with a single barrier to 
control surface area). After alignment, measurements were performed by scanning from an 
angle of incidence of 0.05° degrees to 5.00° degrees in 0.01° degree steps for a total time 
period of 15 min. In order to obtain dynamic information from X-ray reflectivity, 4 cycles of 
scans were performed for each sample, covering a total period of one hour needed to reach 
equilibrium. Fitting of X-ray reflectivity was done using the MOTOFIT package [25] in 
complex SLD mode. Data was fitted to a single layer using a least-squares fitting routine to 
minimise χ2 values by varying the thickness, X-ray scattering length density (both real and 
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imaginary) and roughness. A genetic algorithm was employed to avoid local χ2 minima and 
so that each parameter could be constrained to reasonable limits.    
  
3. Results and discussion 
3.1 Mixing DAMP4 and SDS to improve protein foams  
The designed protein surfactant DAMP4 has been proved to form sustainable foams with 
switching control of foaming by changing bulk pH or adding zinc ions [3]. For the mixed 
system reported in this study, three clear advantages were observed. Firstly, the amount of 
protein surfactant required for providing the same level of foaming capability was reduced, 
compared to the sole protein surfactant system. Secondly, the amount of chemical surfactant 
used was minimized (less than 0.3% of its CMC value). Thirdly, the foaming performance of 
the mixed surfactant system can still be switched off, just as the sole DAMP4 surfactant. The 
effect of protein concentration on DAMP4 foaming was tested first here. Three DAMP4 
concentrations were studied and foaming results are showed in Figure 1a. At a high 
concentration of 15.0 µM, DAMP4 formed foams stable for over 10 minutes. As DAMP4 
concentration was reduced, both foaming capacity and stability decreased accordingly. When 
the concentration was decreased to 2.5 µM, no foams were observed. Based on results of 
single DAMP4, 5 µM of DAMP4 was selected for formulation with SDS because DAMP4 
alone at this concentration formed poor and unstable foams which could be potentially 
improved by addition of a small amount of SDS. 
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Figure 1. Foaming of sole DAMP4, sole SDS and their mixture in 25 mM HEPES foaming buffer 
(including 200 µM EDTA, 10 mM NaCl, pH 8.5). a) foaming capacity of sole DAMP4 (at 0 min) and 
stability (at 10 min) at three concentrations: 15.0, 5.0, and 2.5 µM; b)  foaming capacity of sole SDS 
systems at 9.0, 18.0, 36.0, 54.0 µM; c) Foaming capacity of mixed DAMP4/SDS systems, where 
DAMP4 was fixed at 5.0 µM and SDS was varied at different concentrations. d) Switching off of 
DAMP4/SDS mixed system with 800 µM ZnSO4 added to the foaming buffer. 
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A range of low concentrations of SDS (4.5-54 µM) was compared for their foaming ability. 
As expected, at very low concentrations (well below 1% of CMC value of SDS which is ca. 8 
mM in water [26]), SDS on its own did not form foams at all until a concentration of 54 µM 
was used, where some weak foaming was observed (Figure 1b). Interestingly, additions of 
such small amount of SDS significantly improved the foam capacity of 5 µM DAMP4 as 
shown in Figure 1c. In these mixed systems, foaming capacity increases as SDS 
concentration increases, with foams becoming finer and more packed. Given that neither SDS 
nor DAMP4 on its own at the studied concentrations could form good foams, it is likely that 
there is a synergistic effect between DAMP4 and SDS at the interface, which in turn 
stabilizes foams.  
 
Importantly, the mixed DAMP4/SDS system also retains the foam switchability of DAMP4 
by metal ions. A previous study by Dimitrijev-Dwyer et al. reported that the addition of Zn2+ 
to DAMP4 at pH 7.4 switched-off its foaming ability [8]. As shown in Figure 1d, mixing 5 
µM DAMP4 and 18 µM SDS formed stable foams in the absence of zinc ions, but foams are 
switched off in the presence of 800 µM Zn2+. It was also observed that, when zinc ions were 
added the solution of the mixed system became cloudy, indicating the formation of large 
protein aggregates which led to loss of foaming ability. 
 
The results in Figure 1 demonstrate that, by addition of small amount of SDS to DAMP4, 
stabilization of protein foams is achievable at low concentrations of DAMP4, while 
destabilization of foams can still be realized by addition of zinc ions to the mixed system. To 
further investigate the mechanism through which SDS enhances foaming of the mixed system, 
both dynamic surface tension and X-ray reflectometry were applied to reveal how SDS 
affects the adsorption kinetics, as detailed below.  
  
11 
 
 
3.2 Dynamic surface tension 
3.2.1 Dynamic surface tension behaviour of the sole DAMP4 system 
Figure 2a presents the dynamic surface tension (DST) of sole DAMP4 at different 
concentrations (1.0, 2.5, 5.0, and 10.0 µM) over a time course of 300 seconds, showing that 
higher DAMP4 concentration in the bulk solution leads to faster surface tension reduction. A 
higher concentration of DMP4 also led to a lower surface tension at equilibrium (Figure S1). 
It has been suggested the stabilization of bubbles is attributed to the adsorption of surfactant 
molecules at the air-water interface and reduction in surface tension [27]. As DAMP4 has 
faster adsorption kinetics at a higher concentration (Figure 2a) and a lower equilibrium 
surface tension at (Figure S1), it is expected that better foaming capacity and stability can be 
achieved at a higher DAMP4 concentration as confirmed by the foaming experiments shown 
in Figure 1a.  
 
The observed adsorption kinetics of DAMP4 at pH 8.5 is consistent with the previous 
reported results of DAMP4 at pH 7.4 by Dwyer et al. [24].  Results of Dwyer et al. show that 
adsorption kinetics for DAMP4 at pH 7.4 is energy barrier-controlled, since the calculated 
experimental diffusion time constants are much larger than the theoretical values based on 
bulk diffusion. Results for DAMP4 at pH 8.5 (Table S1) in this work show a similar trend, 
suggesting that an increase in pH from 7.4 to 8.5 does not change the mechanism of DAMP4 
adsorption at the air-water interface. 
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Figure 2. Dynamic surface tension behaviour over time course of 300 seconds for: a) sole DAMP4 
systems at 1.0, 2.5, 5.0, and 10 µM; b) sole SDS systems at 9.0, 18.0, 36.0, 54.0 µM; c) DAMP4 & 
SDS mixed systems with DAMP4 concentration fixed at 5.0 µM, and SDS varied in a range of 0-54.0 
µM); and d) synergistic contribution of the mixed systems to dynamic surface tension, 
where	 =          . 
 
3.2.2 Synergistic contribution of DAMP4-SDS mixed system to dynamic surface tension. 
Compared to 5 µM DAMP4 without SDS, the presence of SDS (SDS exhibits fast adsorption 
kinetics for SDS concentration ranging from 9.0 to 54 µM, Figure 2b) in DAMP4 solution 
significantly increases the reduction rate of surface tension at the initial stage of adsorption 
(see first 15 seconds in Figure 2c), followed by a further slower decrease of surface tension.. 
It’s interesting to note that three curves for DAMP4-SDS mixtures at 0, 9 and 18 µM of SDS 
  
13 
 
approached each other around 300 seconds. As shown in the supporting information (Figure 
S2), the equilibrium surface tension values for these three SDS concentrations were close to 
each other (54.4, 54.1, and 52.2 mN/m, respectively), and such small difference at 
equilibrium led to the merging of these three data sets. This merging behaviour was not seen 
for the higher SDS concentrations because the equilibrium surface tension values were 50.7 
and 48.3 mN/m for 36 and 54 µM added SDS, respectively (Figure S2), presenting a bigger 
difference compared to that of 0 µM added SDS (54.4 mN/m). 
 
The reduction of surface tension is almost linear within the first 15 seconds of adsorption of 
the mixture system (Figure 2c, with the linear region highlighted with red circle). Importantly, 
the reduction rate increases with the increase of SDS concentration (Table 1). Also, the time 
to reach half of final surface tension change, t1/2, significantly deceases with increased SDS 
concentration. However, the time to reach 90% of final surface tension change, t0.9, shows no 
such trend and has similar value for different SDS concentrations. Comparison of initial 
reduction rate, t1/2, and t0.9 in Table 1 suggests that SDS enhances adsorption kinetics of 
DAMP4 mainly at the initial stage of adsorption.  
 
Do individual components of the mixed DAMP4-SDS system act alone in decreasing surface 
tension or is there a synergy between DAMP4 and SDS? Here we define contribution of 
synergy on change of surface tension as: 
ΔΥ" = Υ#$%&'  Υ()*"  Υ#$%&'  Υ+,-."  Υ#$%&'  Υ/+/"			(Eq1) 
where Υ#$%&'  Υ()*",	  Υ#$%&'  Υ+,-."	  and Υ#$%&'  Υ/+/"  represent the 
reduction of surface tension over time by the mixture, sole DAMP4 and sole SDS systems 
respectively. If ΔΥ">0, it means that there is synergy between DAMP4 and SDS. 
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Table 1. Comparison of different adsorption parameters for mixed systems of 5.0 µM DAMP4 with 
varied concentration of SDS* 
SDS concentration 
(µM) 0 4.5 9.0 18.0 36.0 54.0 
initial reduction rate 
of surface tension**  
(mN m-1 sec-1) 
-0.4 -0.4 -0.5 -0.7 -1.0 -1.1 
t1/2 (sec) 84 36 14 8 5 4 
t0.9 (sec) 197 158 165 230 150 180 
* t1/2 and t0.9 represent the time measured for the surface tension changes to reach 50% and 90% 
of the equilibrium value. 
** Slope of linear range of surface tension vs time in Figure 2. 
 
The calculated results of ΔΥ" are plotted in Figure 2d. It is clearly seen that there is an 
adsorption synergy between SDS and DAMP4. The reduction of the surface tension of the 
mixture system is significantly higher than the sum of sole DAMP4 and sole SDS. 
Interestingly, this synergy effect is most profound at the first 60 seconds with a peak position 
around 20-30 seconds. What is the possible mechanism that SDS prompts adsorption kinetics 
at the initial stage but not later stage of adsorption?  X-ray reflectometry was used to 
investigate this question as detailed below. 
 
3.3 Change of DAMP4 surface coverage revealed by X-ray reflectometry  
In order to study how the presence of SDS enhances the adsorption kinetics of the mixed 
system, X-ray reflectometry was employed for determining dynamic structural change of the 
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mixture system at the interface. With the purpose of obtaining dynamic information of the 
interfacial structure, 4 cycles of X-ray scan with 15 minutes per cycle were performed to 
cover a period of 1 hour, to allow sufficient time for the adsorption to approach equilibrium.  
 
3.3.1 X-ray reflectivity for 5 µM sole DAMP4 system 
Figure 3a shows the scan cycle dependent X-ray reflectivity profiles of the layer adsorbed at 
the air-water interface by 5 µM DAMP4 solutions in 25 mM HEPES buffer (including 200 
µM EDTA, 10 mM NaCl, pH 8.5). Fitting of the reflectivity data was done by using the 
MOTOFIT package [25], with constrains given by the scattering length densities (SLDs) of 
individual components (Table S3). The fitting parameters for the X-ray reflectivity data are 
displayed in Table 2. Reflectivity data of all four cycles fitted to a monolayer with a thickness 
of 15.8±1 Å. This thickness is consistent with a single layer of DAMP4 determined 
previously by neutron reflectometry [24]. This confirms that the DAMP4 molecules unfold at 
the interface as a linear α-helical structure as opposed to its four-helix bundle in the bulk 
solution [13]. The real-space SLD profiles derived from the fitted reflectivity data for each 
cycle are shown in Figure 3b. The SLD of the layer formed by the first 15 minutes was 
11.4±0.2 ×10-6 Å-2, and subsequently decreased to 10.8±0.2 ×10-6 Å-2 at the 4th cycle.  
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Figure 3. X-ray reflectometry for single DAMP4 system at 5.0 µM. a) scan cycle dependent X-ray 
reflectivity profiles at RQ4 scale. The points are collected data and the solid lines are fits to the 
reflectivity data using parameters in Table S3. b) Corresponding real-space scattering length density 
profiles from the data fit.  
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Table 2. Interfacial Structural Parameters Derived from X-ray Reflectivity Data Fitting 
Bulk solution 
No. of 
scan cycles 
Monolayer 
Thickness  
(±1.0Å ) 
SLD  
(±0.2×10-6 Å-2)  
Roughness 
(±1.0Å ) 
5 µM DAMP4 
1 15.8 11.4 2.6 
2 15.8 11.1 2.8 
3 15.8 10.9 3.3 
4 15.8 10.9 3.0 
5 µM DAMP4 + 
18 µM SDS 
1 15.4 11.9 1.9 
2 15.3 11.3 2.8 
3 15.3 11.1 2.2 
4 15.3 11.0 2.6 
  
3.3.2 X-ray reflectivity for 5 µM DAMP4 and 18 µM SDS mixed system 
For the mixture system, we chose to present results at a concentration of 18 µM SDS as it 
gives good foams for 5 µM DAMP4 while the concentration of SDS is still reasonably low 
(see additional data at 36 µM SDS in Supporting Information). Figure 4a shows the scan 
cycle dependent X-ray reflectivity profiles of the layer adsorbed at the air-water interface by 
5 µM DAMP4 solution with 18 µM SDS in 25 mM HEPES buffer (including 200 µM EDTA, 
10 mM NaCl, pH 8.5). Similarly, all four cycles had a good fit to a monolayer with a 
thickness of 15.3±1 Å (Table 2) which is the same (within error) to the thickness of the 
DAMP4 only monolayers. SLD profiles related to reflectivity of each cycle are shown in 
Figure 4b. The SLD of the layer formed by the first 15 minutes was 11.9 ± 0.2 × 10-6 Å-2. The 
value decreases to 11.3 ± 0.2, 11.1 ± 0.2 and 10.9 ± 0.2 × 10-6 Å-2 for cycle 2, 3 and 4, 
respectively. The data points to a strong adsorption at the initial stage, followed by rearrange 
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of surface layer (possible conformation change of DAMP4, or change of surface excess of 
SDS or DAMP4). These SLD values, which are higher than for a monolayer of DAMP4 
alone, show that more material is absorbed at the interface than single DAMP4 system within 
the same time frame. Note time resolution in this study is limited by minimal time required to 
complete one cycle to gain a full Q-range with sufficient counting statistics. The SLD profiles 
estimated should be counted as an average value over a period of 15 min.   
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Figure 4. X-ray reflectometry for DAMP4/SDS mixed system with 5 µM DAMP4 and 18 µM SDS.  
a) scan cycle dependent X-ray reflectivity profiles at RQ4 scale. The points are collected data and the 
solid lines are fits to the reflectivity data using parameters in Table 1. b) Corresponding real-space 
scattering length density profiles from the data fit.  
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3.4 Foam destabilization in the presence of zinc ions  
 
Figure 5. Scan cycle dependent X-ray reflectivity profiles at RQ4 scale for mixing DAMP4 (5 µM) 
and SDS (18 µM) with the presence of 800 µM Zn2+.  
 
Foaming test for mixing system of 5 µM DAMP4 and 18 µM SDS with the addition of 800 
µM Zn2+ indicates that the presence of zinc ions destabilized foams (Figure 1c). The 
interfacial layers in the presence of 800 µM Zn2+ were thus investigated by X-ray 
reflectometry. Due to the complexity of the interfacial layers, fitting for this reflectivity 
becomes very difficult and the model does not represent the real physical nature of the 
interfacial layers. Nevertheless, the observed increase of the fringe over time suggests 
increasing aggregates at the surface layer (Figure 5).  
 
To further investigate the underlying mechanism for destabilizing DAMP4 foams using zinc 
ions, a series of compression-expansion test were employed. The interfacial pressure 
isotherms measurements were conducted using a Langmuir trough to perform a compression-
expansion cycle with surface pressure recorded. Figure 6 shows the interfacial pressure 
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behaviour response to compression-expansion cycle for DAMP4 (5 µM) and SDS (18 µM) 
mixed system in the absence and presence of 800 µM Zn2+. The starting point of surface 
pressure for compression corresponds to the equilibrium surface tension for each system. The 
gap between starting and ending surface pressure is related to the energy barrier to desorb 
adsorbed molecules during compression [24]. These gaps are 8.6 mN/m in the absence of 
Zn2+ and 15.2 mN/m in the presence of Zn2+. The different values of gaps suggest the system 
in the presence of zinc ions has a much higher energy barrier than the mixed systems without 
Zn2+ because the aggregates formed in the presence of Zn2+ are bigger than individual 
DAMP4 and more difficult to be desorbed. 
 
During expansion process, surface repopulation for mixed system in the presence of zinc ions 
was much slower than those systems without Zn2+. The quicker the interface is repopulated, 
the faster is the adsorption kinetics, resulting in less decrease in surface pressure [24]. The 
expansion isotherm for the mixed system in the presence of zinc ions showed a much greater 
slope at the beginning as the surface pressure dropped to minimum and remained a plateau 
for a long time. This suggests much slower adsorption kinetics in the presence of Zn2+, which 
leads to destabilize foams as shown in Figure 1d. 
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Figure 6. Surface pressure behaviour over compression-expansion cycle. The tested solutions were 
poured into the trough coupled with Wilhelmy plate tension meter and allowed to equilibrate for 1 h at 
the surface area of 40 cm2. Then the compression was done by closing up the surface from the area of 
40 cm2 to ~ 0 cm2, followed by the expansion done by opening up the surface back to 40 cm2. The 
closing and opening of surface was achieved by linear movement of the barriers at its maximum speed, 
e.g. 68.0 cm2/min.  
 
3.5 Discussion  
The overall cost of biosurfactant formulations can generally be reduced by decreasing the 
amount of biosurfactant used. However, lowering the DAMP4 concentration to low 
micromolar concentrations leads to poor foaming performance. Fortunately this disadvantage 
can be overcome by mixing DAMP4 with a small amount of low cost chemical surfactant, 
SDS, which significantly improved the foaming of SDS at a low DAMP4 concentration yet 
maintained the switchable foaming of DAMP4 in response to adding zinc ions to the bulk 
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solution. A clear synergy was observed whereby DAMP4 was able to promote the foaming of 
SDS under conditions where SDS does not normally foam (i.e. well below its CMC). 
 
The findings of this work indicate that adsorption kinetics plays a critical role in protein 
mixed formulation foaming performance. Importantly, addition of small amount of SDS (18 
µM) to DAMP4 (5 µM) showed synergistic contribution to surface tension kinetics and 
significantly improved formulation foaming capacity and stability. X-ray reflectometry 
measurements is able reveal that presence of very small amount of both DAMP4 and SDS 
greatly enhances the adsorption of the mixed components at the beginning of the time period 
of X-ray measurement, providing further evidence how enhanced adsorption kinetics benefits 
the stability of DAMP4-based foams. On the other hand, DAMP4 based foam destabilization 
by adding zinc ions to the system is highly related to slowed adsorption kinetics, as 
confirmed by X-ray reflectivity data and compression-expansion test. Increase in X-ray 
reflectivity upon addition of zinc ions shows that the mixture of DAMP4-SDS form 
aggregates at the surface. The formation of aggregates at the surface has led to slowing down 
of adsorption kinetics as shown by compression-expansion results, which is correlated with 
destabilization of foams. The combination of X-ray reflectometry and interfacial tension 
measurements has shown the important role of adsorption kinetics in determining stabilities 
of DAMP4-based foams.   
 
The results present here clearly show that SDS and DAMP4 operate synergistically at the 
interface, and there are still structural changes of surface layer after surface tension reaches 
equilibrium (15 min after adsorption). The interaction between protein/surfactant [14, 28-30], 
and protein/polymers [17, 31, 32] have been well documented in literature. The possible 
interactions between protein molecules and ionic surfactants include electrostatic and 
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hydrophobic interactions, and electrostatic interactions normally happen first [30]. One 
DAMP4 molecule contains 12 positively charged residues (Arg + Lys). Through electrostatic 
interaction each DAMP4 molecule can potentially bind 12 negative SDS molecules. If SDS 
binds to DAMP4 mainly through charge interaction, its hydrophobic tail is likely to be 
exposed outwards, and such orientation can increase surface activity of the protein-surfactant 
complex [30]. Within the range of added SDS, SDS/DAMP4 mole ratio changes from 1.8 to 
10.8, below the value of 12:1, and the surface activity increases with SDS concentration, 
leading to faster adsorption kinetics. It will be highly valuable to reveal how SDS 
moleculeinteract with DAMP4 and contribute to the adsorption of the mixed interface. For 
such purpose, neutron reflection with combination of deuterated and non-deuterated materials 
will be employed to distinguish surface excess of individual components and the structure of 
the adsorbed layer in future. 
 
4. Conclusion  
In this work we investigated the mechanism of how adsorption kinetics affected foam 
stabilities of a designed protein surfactant DAMP4, which was recently engineered as a new 
stimuli-responsive foaming agent [3, 8, 24]. Stabilizing and destabilizing DAMP4 foams 
were studied in the presence and absence of chemical surfactant SDS and zinc ions. Foaming 
assay results showed that a small amount of DAMP4 significantly improved the foaming 
performance of SDS at a low protein concentration of 5 µM while maintaining formulation 
foaming switchability by addition of zinc ions, a property inherent in DAMP4 that has been 
reported in recent studies [3, 8]. Dynamic interfacial tension measurements illustrated that the 
presence of a small amount of SDS improved adsorption kinetics of DAMP4, similar to 
behaviour of the mixed system of SDS and poly(ethyleneimine) [17].  Interestingly, addition 
of zinc ions slowed down adsorption kinetics of the mixed system of SDS and DAMP4. X-
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ray reflectometry measurements provided further information relating to interfacial structure 
and surface coverage of the mixed system, confirming that the presence of SDS improved the 
adsorption kinetics of the mixed system at the beginning of the adsorption process. X-ray 
reflectivity also showed that addition of zinc ions resulted in aggregation of the mixed system 
at the surface and thus slowed kinetics of adsorption.  
 
Combining dynamic surface tension and X-ray reflectometry measurements, the dynamic 
adsorption behaviours of DAMP4-SDS mixture and their link with DAMP4 foaming stability 
were established in this work, providing fundamental knowledge to guide the formulation of 
protein surfactants with chemical surfactants. As new bioprocessing approaches with 
simplified process flowsheets can significantly reduce production cost of protein surfactant 
[13], further decrease of formulation cost using chemical surfactants promises broad 
application of designed protein surfactants. 
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Highlights 
o Effects of chemical surfactants and metal ions on protein-based foams are studied 
o Adsorption kinetics is critical for stabilization-destabilization of protein foams 
o Sodium dodecylsulfate  enhances protein adsorption kinetics, improving foam 
stability 
o Addition of Zn2+ causes protein aggregation, lowering adsorption kinetics 
o Slowed adsorption kinetics destabilizes foams 
 
  
